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CYCLIC  OXIDATION  RESISTANCE OF CLAD IN-100 AT 1040" AND 1090" C: 

TIME,  CYCLE FREQUENCY, AND CLAD THICKNESS EFFECTS 

by Michael A. Gedwill 

Lewis  Research  Center 

SUMMARY 

Cyclic  furnace  testing was used  to  examine  the  effects of cladding  thickness,  expo- 
sure  time,  cycle  frequency,  and  temperature on the  oxidation  behavior of three  clad 
IN-100 systems.  The  three  claddings, Ni-BOCr-4A1-1.2Si, Fe-25Cr-4Al-lY,  and 
Ni-30Cr-1. 4Si as foils  ranging  from  0.051  to  0.254  millimeter  in  thickness, were diffu- 
sion  bonded t o  IN-100 and  oxidation  tested.  Total  exposure  times  up  to 400 hours  using 
1- and  20-hour  cycles were employed.  Test  temperatures  were 1040' and 1090' C. 
Similar  tests  were  conducted on the  cladding  themselves, on commercial  aluminide- 
coated IN-100,  and on unprotected IN-100. Evaluations were based  primarily on gravi- 
metric,  metallographic,  and  surface  recession  analyses. 

At both  temperatures, Ni-20Cr-4A1-1. 2Si was  the  most  protective  cladding  on 
IN-100; the least protective  cladding  was  Ni-3OCr-l.4Si.  The  oxidation  behavior of the 
former  cladding  in  the  thicknesses  evaluated was rather  insensitive  to  cycle  frequency, 
t o  cladding  thickness, or t o  test t ime  up  to 400 hours.  Its  protection was comparable  to 
that  provided  by a widely  used  commercial  aluminide  coating.  The  lives of the  other 
two  claddings on IN-100 were  extended  by  increases  in  the  cladding  thickness.  The 
0. 127-millimeter  Ni-20Cr-4A1-1.2Si  and  Fe-25Cr-4Al-lY  claddings  fully  protected 
IN-100 for  up to  400 hours at 1040' C,  but  only  the  former  appeared  capable of much 
longer  exposures.  Under  these test conditions,  even a thinner  (0.051  mm)  Ni-20Cr- 
4A1-1.2Si cladding  could  adequately  protect IN-100 for 400 hours  at  both  temperatures. 

The  experimental  data  indicated  that  the  oxidation  resistance of the  three  clad  sys- 
tems  was  degraded  to  various  degrees  by  interdiffusion. Up to   a t  least 200 hours oxi- 
dation at 1040' C,  however,  this  effect w a s  smal l   for   the  0. 127-millimeter-thick 
Ni-20Cr-4A1-1.253  cladding on  IN-100. 



INTRODUCTION 

The  efficiency  and  performance of aircraft   gas  turbine  engines  are  significantly  . im- 
proved as the  turbine  operating  temperatures  are  increased.  Higher  temperatures,  
however,  produce  increased  oxidation of the  turbine  components.  For  this  reason,  pro- 
tective  coatings are continuously  being  developed  for  nickel-  and  cobalt-based  superal- 
loys  (ref. 1). In a previous  study (ref. 2) the  feasibility of protecting  the  nickel  super- 
alloy "100 and  the  cobalt  superalloy WI-52  with  low-strength,  highly  oxidation- 
resistant  metallic  claddings (0. 127 mm  thick) of Ni-30Cr-l.4Si;  Ni-20Cr-4A1-1. 2Si; 
and  Fe-25Cr-4Al-lY was explored.  Furnace  oxidation tests on diffusion-bonded,  com- 
pletely  encapsulated  specimens  were  conducted at 1040' and 1090' C  for up to  200 hours 
using  20-hour  cycles. For IN-100, all three  claddings  were  effective  in  providing 
200 hours of protection at 1040' C. At 1090' C,  only the  Ni-20Cr-4A1-1.2Si  cladding 
afforded  good  protection  for 200 hours. 

The  present  study was conducted  to  further  examine  the  oxidation  behavior  and  pro- 
tection  potential of these claddings on IN-100  for  longer  exposure  times  and with more  
frequent  thermal  cycling  in  order  to  more  closely  approximate  anticipated  service  con- 
ditions.  Also, it was necessary   to   see  i f  thinner  claddings would perform as well as 
those  previously  studied or i f  much  thicker  claddings are needed  to  extend  the life of the 
systems.  Cladding  thicknesses  examined  were  0.051, 0. 127,  and C. 254 mill imeter 
(0.002,  0.005,  and  0.010  in. ). Cycle  frequencies of 1 hour  and 20 hours  were  used  and 
furnace  oxidation  tests  were  extended  to 400 hours at both 1040' and 1090' C. The 
evaluation of protection was  based  primarily on gravimetric  analysis,  metallographic 
examination,  and  cladding  surface  recession.  Supplemental  analyses  included  X-ray 
diffraction  (XRD),  X-ray  fluorescence  (XRF),  electron  microprobe (EMP), and tensile 
testing.  In  addition, the cyclic  oxidation  behavior of these  systems was compared  to 
that  obtained  for  the  cladding  alloys  bonded to  themselves,   to IN-100  protected  by a 
widely  used  proprietary  commercial  aluminide  coating,  and to  unprotected IN-100. 

EXPERIMENTAL PROCEDURES 

Materials  and  Specimen  Preparation 

Table I gives  the  chemical  analysis of the  cast  IN-100  and  the  Ni-30Cr-l.4Si (Ni- 
Cr-Si), the Ni-20Cr-4A1-l. 2Si (Ni-Cr-Al-Si),  and  the  Fe-25Cr-4Al-lY  (Fe-Cr-A1-Y) 
foils.  The  IN-100 was cast   to  50.8-mill imeter  by  25.4-mill imeter by 2. 5-millimeter 
coupons. The  Ni-Cr-Si  and  Ni-Cr-Al-Si  foils  were  obtained  in  0.051-,  0.127-,  and 
0.254-millimeter  thicknesses  and as 2.54-millimeter  plate.  The  Fe-Cr-Al-Y was only 
available  in  the latter two  foil  thicknesses  and  in the  same  thickness  plate. 
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Face  sheets   and  picture   f rames of the  cladding  materials  were  surface  prepared  and 
gas-pressure  diffusion  bonded  to IN-100 coupons  and  also  to  cladding  plate  specimens  in 
canned  assemblies  using  the  procedures of reference 2 (2 hr  at 1090' C and 103-MN/m 2 

(15 000-psi)  helium  pressure).  Before  bonding,  the  cladding  components were de- 
greased,  chemically  cleaned,  and  subsequently  cleaned  in  acetone  and  then  in  alcohol. 
The IN-100 substrates  were  vapor  blasted,  followed  by  cleaning  in  acetone  and  then  in 
alcohol. 

Several as-cast IN-100 specimens  were  also  coated  with a widely  used,  proprietary 
commercial  aluminide  coating.  This  coating  was  deposited  to a thickness of about 
0.043 millimeter on IN-100. 

Cycl ic Oxidat  ion  Testing 

Specimens were cyclic  oxidation  tested  at 1040' and 1090' C for   up   to  400 hours  in 
furnaces  controlled  to *5O C. Some  specimens  were  placed  in  alumina  boats  and  manu- 
ally  cycled  in  and out of a horizontal,  multitube  furnace  at  20-hour  intervals (as de- 
scribed  in  ref. 2). During  testing,  filtered air (0.05 m /hr) was passed  through  the 
alumina  tubes.  After  each  exposure  the  specimens  were  cooled  to  room  temperature, 
lightly  brushed,  and  weighed.  Other  specimens  were  individually  suspended  from  plati- 
num wires and  automatically  raised  and  lowered  into a vertical,  multitube  furnace  at 
l-hour  intervals.  After  each  exposure,  the  specimens  were  cooled  to  approximately 
100' C in 10 minutes  before  being  reinserted.  Here  natural  convection  maintained  the 
airflow  through  the  furnace. At various  t imes  the  specimens were cooled  to  room  tem- 
perature,  lightly  brushed,  and  weighed. Although  not determined, it is believed  that  the 
oxidizing  environment  in  the  horizontal  and  vertical  furnaces was similar .  
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Additional  Evaluations 

Cross  sections of specimens were metallographically  examined to determine  the 
structural   changes (and  degradation)  that  occurred  during  cladding  and  oxidation.  These 
examinations  were  made  at  magnifications  up  to X750 using  bright-field  and  polarized- 
light  illumination.  Surface  recession - oxide  penetration  data  were  calculated  from 
measurements  obtained  from  photomicrographs.  Figure 1 illustrates  the  method  used 
in  calculating  the  surface  recession data. A hand micrometer  w a s  used  to   measure  the 
nominal  thicknesses of the  cladding  foils  before bonding.  Since  thickness  measurement 
of the  cladding  in  each  specimen  was  not  made  prior  to  either  bonding or testing,  the 
recession  data  must only be viewed as approximations. 
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X-ray  diffraction (XRD) and  X-ray  fluorescence  (XRF)  analyses  were  performed on 
oxidizer  specimens  to  determine  the  structures  and  approximate  compositions of the 
retained  surface  scales. XRD was made  either on as-scraped or on in-situ  scales, 
whereas  XRF was always  made on the  in-situ  scales.  The spa11 products  were  analyzed 
only  by XRD. Summaries of the XRD and  XRF  analyses are given  in  appendix A. 

Selected  specimens  were  also  examined  in  an  electron  microprobe (EMP) to   de te r -  
mine  the  extent of interdiffusion,  concentration  variations,  and  segregation of major  and 
minor  elements.  Two EMP techniques were used. One  technique,  the  most  widely 
used,  consisted of obtaining  X-ray  raster  micrographs  for  major  and  selected  minor 
elements  in  the  oxide  scales  and  the  clad  portions.  The  raster  micrographs,  taken  at a 
magnification of X500, showed  qualitatively  the  distribution of the  elements  but  provided 
no  quantitative  information. In the  other  technique,  uncorrected  concentration  line  scans 
across  the  specimens  were  obtained,  in  general,  only  for  the  major  elements.  Summa- 
r i e s  of all the E M P  da ta   a r e  contained  in  appendix B. 

Limited  tensile  tests  were  conducted on the  most  oxidation  resistant  system  (Ni-Cr- 
A1-Si clad  IN-100) to  determine  the  combined  effects of oxidation  and  interdiffusion on 
tensile  properties.  A  completely  clad IN-100 specimen  was  subjected to cyclic  oxidation 
a t  1040' C.  After  oxidation,  the  specimen w a s  machined  into  two  tensile  specimens of 
the  design  shown  in  figure 2. An as-clad IN-100 specimen  was  similarily  machined  into 
tensile  specimens.  The  two  tensile  specimens  were  tested at a crosshead  speed of 
1. 27 mill imeters  per  minute  at  1040' C in  argon.  For  strength  calculations,  the  ap- 
proximate  cross-sect ional   area of the IN-100 substrate  before  bonding  was  used. 

RESULTS AND  DISCUSSION 

The  most  oxidation-resistant  system was Ni-Cr-Al-Si  clad IN-100  followed  by  the 
less  resistant  Fe-Cr-A1-Y  clad IN-100  and  the  very  poorly  resistant  Ni-Cr-Si  clad 
IN-100. The  results  and  discussion  that  follow are presented  in  the  order of decreasing 
oxidation  resistance. 

Ni-Cr-Al-Si  Clad IN-100 

Weight  change ~ and ~" metallography. . ~~ "" " - The  effects of cladding  thickness  and  cycle fre- 
quency on the  weight  changes of Ni-Cr-Al-Si  clad  IN-100  up  to 400 hours of oxidation 
exposure are presented  in  figure 3. For all the  test  conditions  studied,  the  clad  test 
specimens  initially  gained  weight  for  some  period, after which a gradual  weight  loss 
occurred.  Figure  3(a)  contains  data  from 1040' C exposures  using  both 1- and  20-hour 
cycles.  This  figure  shows  that  for  1-hour  cycles  both  the  times  to  initial  net  weight 
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loss  and  the  extent of weight  loss are related  to  cladding  thickness.  The  thicker  the  clad, 
the  more  protective  it  is. Also  decreasing  the  cycle  frequency  from  l-hour  cycles  to 
20-hour  cycles is about as beneficial as increasing  cladding  thickness  from  0.127  to  0.254 
mill imeter.  Although a t  1O4O0C the  weight  change  behavior  appears  to be influenced  by  the 
cladding  thickness  and  cycle  frequency,  subsequent  metallographic  examination  showed 
that  in  reality  this  system  was  rather  insensitive  to  these  two  variables. At  1090°C, 
using  20-hour  cycles,  weight  loss after a 200-hour exposure  appeared  directly related to 
cladding  thickness  (fig.  3(b)).  However,  the  differences  between  specimens of different 
cladding  thicknesses  were  very  small.  Metallographic  examination  showed  that  the 
thinner  clads  had suffered greater  grain  boundary  oxidation.  The  oxide scales, composed 
principally of NiCr204, NiO, and  Si02  (appendix A), were  anchored  more  f i rmly  on  the 
specimens  with  the  thinnest  clads  and less of the scales which  formed  spalled off.  At  both 
temperatures,  the  oxidation  resistance of the  clad  specimens, as judged  by  weight  change 
behavior,  was  significantly  better  than  that  for  the  unprotected IN-100. 

0.254-millimeter  claddings on  IN-  100 after 400 l-hour  cycles at 1040' C. In all cases  
the  claddings  protected  IN-100  for  the  full  400-hour test t ime.  Regardless of cladding 
thickness,  little  grain  boundary  or  twin  boundary  oxidation was observed  in  this  system. 
Also,  there was little  difference  in  the  thickness of the  visibly  affected  diffusion  zone  in 
the IN-100 beneath  the  various  thicknesses of cladding.  Extensive  amounts of a round, 
cream-colored  phase  developed  in  the  clad  just  above  the  bond  interface  during  oxidation 
in  the  0.051-millimeter-clad  specimen  and  this  phase  was  observed  to  exist  in lesser 
amounts  in the thicker  claddings. 

Figure  4  contains  cross-sectional  photomicrographs of the  0.051-,  0.127-,  and 

In figure 5, microstructures  after  various  20-hour  cycles  at   both 1040' and 1090' C 
can  be  examined.  During  the  early  stages of oxidation  (fig.  5(a))  some  intragranular 
oxidation  occurred.  Thereafter  the  attack  occurred  along a planar  front. The gradual 
consumption of cladding  with  exposure  time  can be seen  by  comparing  figures  5(a-1), 
(a-2),  and  (a-3)  or  figures  5(b-1)  and  (b-2). Upon comparison of figures 4(b) and  5(a-3), 
it   can  be  seen  that  different  cycle  frequency  produced  little  difference  in the extent of 
oxidation  in  the  400-hour - l-hour-cycled  specimen  and  the  400-hour - 20-hour-cycled 
specimen.  A  comparison of figures 5(a-2)  and  (b-2) - both  ten  20-hour  cycles at 1040' 
and 1090' C,  respectively - shows  greater  oxidation  attack at 1090' C, as evidenced  by 
less remaining  cladding.  While  time  at 1040' C  had a small  effect on the  growth of the 
visibly  affected  diffusion  zone  in  the IN-100  (figs.  5(a-1) t o  (a-3)),  the  zone  grew  more 
rapidly at 1090' C.  Also  higher  temperature  exposure  appeared  to  result  in  more  oxide 
spalling  (compare  figs.  5(a-2)  and  (b-2)).  This  observation  was  supported  by  the  weight 
loss  data at 1090' C  presented  in  figure  3(b). 

Thus,  the  influence of cycle  frequency  and  exposure  time  up  to 400 hours   appears  
minor,  while  exposure  temperature  appears  to be the  major  factor  controlling  the life 
of Ni-Cr-Al-Si  claddings on  IN-100. 

5 



Surface  recession. - Using  the  criteria  presented  in figure 1, residual  cladding 
thickness  was  measured  metallographically.  The  data are presented  in table II (Ni-Cr- 
A1-Si cladding on Ni-Cr-Al-Si  plate)  and table Ill (Ni-Cr-Al-Si  on  IN-100).  These  data 
are summarized  in  f igure  6 as calculated,  total,  cladding  surface  recession  data. 

Figure  6(a)  shows  that,  for  both 1090' C - 20-hour  cycles  and 1040' C - l-hour 
cycles,  increasing  cladding  thickness  appears  to  result  in  higher  total  surface  recession 
but  also  in  higher  percentages of residual  useful  cladding after test .   The data for   the 
two test conditions are within a fairly  large  scatterband. For each  test  condition  the 
differences  in  total  surface  recession are generally  minor,  indicating  again  that  under 
these  conditions  cladding  thickness  exerted a minor (if any)  influence on surface  reces-  
sion.  Figure  6(b)  shows  that  after  an  initial  small  amount of surface  recession  the  ef- 
fect of an  increased  number of 20-hour  cycles  (up  to  maximum of 20 cycles) on surface 
recession is minor.  Figure  6(c)  shows  that  the  0.051-  and  0.127-millimeter  clads on 
IN-100 (as well as clad  Ni-Cr-Al-Si)  exhibited  increased  surface  recession  with  temper- 
a ture ,  as expected.  Here it appears  that  in  ten  20-hour  cycles  the  Ni-Cr-Al-Si  clad 
IN-100 was somewhat less prone  to  surface  recession  regardless of thickness  than  was 
Ni-Cr-Al-Si  clad  Ni-Cr-Al-Si.  The  reason  for  this  difference is not clear.  It is felt, 
however,  that  the  recession  data  in  conjunction  with  the  metallographic  observations 
indicate  that  the  thinner  0.051-millimeter  Ni-Cr-Al-Si  cladding  protected IN-100 as 
well as the thicker 0. 127-millimeter  cladding at both  temperatures.  Also,  no  signifi- 
cant  benefit  in  extending  the  lifetime of the  Ni-Cr-Al-Si  clad IN-100 system is realized 
by  further  increasing  the  cladding  thickness  to 0. 254 mill imeter.  

dation  resistance  for 400 hours at 1040' C, tensile  tests  were  conducted on i t   to   deter-  
mine  the  effects of oxidation  and  interdiffusion on mechanical  properties.  Duplicate 
tensile  specimens, as clad  and as oxidized  for 400 hours   a t  1040' C  using  l-hour  cycles, 
were machined as shown in  f igure 2. For  comparison  purposes,  a bare  (unprotected) 
IN-100 specimen  was  given a duplex  thermal  treatment  in  argon  to  simulate  the  bonding 
and  exposure  cycle  times  and  then was also  machined  into  duplicate  tensile  specimens. 
The   resu l t s  of tensile tests on these  specimens  at  1040' C are presented  in  figure 7. 

Tensile  testing. - Since  the  Ni-Cr-Al-Si  clad  IN-100  system  showed  promising  oxi- 

During  oxidation of the  Ni-Cr-Al-Si  clad IN-100 system,  the  strengths  decreased 
while  the  elongation  increased.  The 1040' C  strengths of the  system were about  28  per- 
cent  lower after 400 hours  oxidation  at 1040' C  than as clad.   This  system  also showed 
decreases   in   s t rengths  of about 40 percent  after  oxidation when compared  to  data for 
thermally  treated,  bare IN-100.  Assuming a reaction  zon?  thickness of 0.098  millime- 
ter on both  sides of the IN-100 substrates  (based on electron  microprobe  analysis,  ap- 
pendix B) and  decreasing  the  substrate areas by a corresponding  amount  in  the  strength 
calculations,  the  interdiffusion  effect  could  account  for only  about  12  percent of the 
losses.   Further  clarification by more  extensive  testing is required. 
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Fe-Cr-AI-Y Clad IN-100 

In  comparison  to  Ni-Cr-Al-Si,  the  Fe-Cr-A1-Y  clads on IN-100 were slightly less 
protective  at  1040' C  and  much less protective at 1090° C. 

Weight  change  and  metallography. - The  effects of cladding  thickness  and  cycle fre- 
quency  on  the  weight  change of Fe-Cr-A1-Y  clad  IN-100,  Fe-Cr-A1-Y  clad  Fe-Cr-A1-Y, 
and bare IN-100  up to  400 hours of oxidation  exposure are presented  in  figure 8. Fig- 
u r e  8(a)  contains data from 1040' C exposures. One of the 0. 127-millimeter-clad spec- 
imens was exposed  at  l-hour  cycles; all the  others  and  the bare IN-100 were given 
20-hour  cycles.  Here  none of the  oxide  scales on the  20-hour-cycled  clad  specimens 
spalled  significantly,  but  the  oxides on bare IN-100  continued t o  spa11 on each  cycle. 
The  l-hour-cycled  specimen (0. 127-mm  clad)  began  spalling  after  about 240 hours. 
This  situation  led  to  the  eventual  downturn  in its weight  change  curve.  Under  the  same 
conditions,  the  0.254-millimeter-clad IN-100 showed  lower  weight  gains  than  the 0. 127- 
millimeter-clad IN-100,  but s imilar   to   those of the  Fe-Cr-A1-Y  clad  Fe-Cr-A1-Y. 
This  suggests  that  interdiffusion  between  clad  and  substrate  elements  caused a degrading 
effect on the  oxidation  resistance of the 0. 127-millimeter  cladding.  This w a s  not re- 
alized  in  the  weight  change  behavior of the  thicker  (0.254  mm)  cladding  within  the  test 
time  employed. At  1090' C (fig. 8(b)) this  same  relation  between  weight  change w a s  ob- 
served  for  the  two  clads on IN-100. After 200 hours  the  weight  gains of the  clad  speci- 
mens  were  f rom 1 to  2 mill igrams  per  square  centimeter  greater at this  temperature 
than  at 1040' C. Spalling from  the  bare  IN-100 was heavy; from  the 0. 127-millimeter- 
clad IN-100 it was light  medium;  from  the  0.254-millimeter-clad IN-100 it was very  
light. 

The  effects of time,  cycle  frequency,  and  exposure  temperature on the  microstruc- 
t u re s  of as-oxidized  specimens of Fe-Cr-A1-Y  clad IN-100 are shown  in  figure 9. Here 
increasing  exposure  time,  cycles,  and  temperature  produced  increases  in  the  amount of 
internal  and  grain  boundary  oxidation.  Beneath  the  cladding,  extensive  interdiffusion 
zones  were  observed  in all cases.  Figure  9(c)  shows  this  diffusion  zone  to be thinner 
with increased  cycle  frequency as compared  to  that  shown  in  figure  9(b).  This is prob- 
ably  due  to  enhanced  outward  diffusion of pr imari ly  A1 to  reform  the  spalling  oxide 
scale,  which  consisted  mainly of aAl2O3  and  (Cr,  Fe)203  (appendix A).  Higher temper-  
ature  exposure  at  1090' C  (fig.  9(d))  expanded  the  zone  greatly  and  also  seemed t o  cause 
the  phases  that  developed  in  this  zone  at  both  temperatures  to  undergo  some  resolution- 
ing . 

At 1090' C, the  Fe-Cr-A1-Y  clad IN-100 specimens  developed  very  large  surface 
oxide  nodules, as shown  in  figure l.O(a). These  nodules  penetrated  into  the  diffusion 
zone  beneath  the  cladding  and are believed  to be extensions of some of the  more  severe 
intergranular  oxidation  observed  in  figure  9(d).  Generally,  polarized  light  examination 
of the  oxidized  clad IN-100 specimens  indicated  large  charcoal  black  and  brown areas 
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(probably a spinel),  white areas (aA1203),  and  green areas (Cr203).  Subsequent EMP 
analyses  (appendix B) showed these  nodules  to be very  r ich  in  Al. Similar  nodules  have 
been  reported on oxidized  Fe-Cr,  Fe-Cr-Al,  and  Fe-Ni  alloys (ref. 3). 

Surface  recession. - The  cladding  surface  recession  data  (measured as shown  in 
fig. 1) are presented  in tables II and III. The  data are summarized  in  f igure 11. This 
figure  shows  that  surface  recession was greatly  reduced  (about 50 percent)  at  both  tem- 
peratures  by  increasing  the  thickness of the  cladding  from 0. 127 t o  0. 254 mill imeter 
(fig. l l (a)) .  At 1040' C, the 0. 127-millimeter  cladding  showed only a slight  change  in 
surface  recession  between 200 and 400 hours  after  an  init ial ,   but  appreciable,   increase 
(fig. ll(b)). Also as expected,  the  lower  the  temperature,  the less the  surface  reces-  
sion  for  both  thicknesses of Fe-Cr-A1-Y  cladding on "100 (fig. l l (c)) .  At both  tem- 
peratures,  however,  the  thicker  cladding on  IN-100 experienced  slightly  greater  surface 
recession  than  the  cladding  alloy  specimen,  but  much less than  the  thinner  cladding. 

It is believed  that  these  data  coupled  with  the  weight  change  and  metallographic re- 
sults  indicate  that  clad-substrate  interdiffusion  had a highly  significant  influence on the 
oxidation  behavior of this  system.  Furthermore,  these  results  suggest  that  thicker 
(greater  than 0. 127 mm)  Fe-Cr-A1-Y  claddings are required  to  extend  the  life of this  
system  at  1040' C  and  above. 

Ni-Cr-Si Clad IN-100 

Of the  three  systems  investigated,  the  Ni-Cr-Si  clad IN-100 system showed the 
least  oxidation  resistance  at  the  two  test  temperatures. 

on IN-100 w a s  relatively  poor, as shown  in  figure  12. At  1040' C, only the 0. 254- 
millimeter  cladding  approached  the  behavior of Ni-Cr-Si  clad  Ni-Cr-Si.  The  thinner 
claddings  gained  weight  rapidly  and  while  the  0.051-millimeter  clad  specimen  showed 
large weight  gains  at 60 and  180  hours,  the 0. 127-millimeter  cladding  gained  almost 
6 milligrams  per  square  centimeter  and  then  lost  weight  rapidly.  Spalling  began  early 
for  the  0.051-millimeter  cladding  and  after 120 hours  for  the 0. 127-millimeter-clad 
IN-100. At 1090' C  both  cladding  thicknesses  showed  sporadic  weight  gains,  followed 
by  significant  losses. 

Weight  change  and  metallography. - The  protective  ability of Ni-Cr-Si  claddings _ _  ." - -. 

The poor oxidation resistance of the  Ni-Cr-Si  clad IN-100 can  also be observed  in 
figure  13, which  contains  cross-sectional  photomicrographs of ihe  various  thickness 
claddings  after  several   exposure  t imes  at   both 1040' and 1090' C .  All  specimens  were 
given  20-hour  cycles.  After 200 i1r;urs of exposure  at  1040' C .  figures 13ia) to  (c) show 
that  the  0.051-mill imeter  ckd was completely  penetrated by  oxides;  oxides  penetrated 
about  one-half of the 0. 127-millimeter  clad;  and  only  the  heaviest  cladding, 0. 254 mi!- 
limeter,  was  relatively  unharmed.  X-ray  diffraction  analyses  indizated  that  the Gxid.Ps 
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were primarily  NiCr204  and  Cr203  (appendix A). After 400 hours (fig. 13(d)),  however, 
the 0. 127-millimeter  clad w a s  almost  completely  penetrated  by  oxides  at 1040' C .  At 
1090' C,  the  depth of attack  increased  and  considerably  more  intergranular  oxides were 
present  (figs. 13(e)  and  (f)). The 0. 254-millimeter  cladding  was  still  somewhat  pro- 
tective  after 200 hours. 

Since  the  oxidation  resistance of the  Ni-Cr-Si  and  Ni-Cr-Al-Si  claddings on them- 
selves are very  s imilar  (ref. 2), it  might  have  been  expected  that  these  two  claddings 
on  IN-100  would behave  in a similar  manner  during oxidation. The  results  reported 
herein show  that this  was not the  case.  It is felt that  clad-substrate  interdiffusion  had 
a significant,  but  detrimental,  influence on maintaining  the  protective  scale  formed on 
the  Ni-Cr-Si  claddings,  whereas  the  scale  formed on the  Ni-Cr-Al-Si  claddings  was 
relatively  unaffected  by  interdiffusion. 

Surface  recession. - Surface  recession  data are presented  in  table 111 and  summa- 
rized  in  f igure 14. Figure 14(a)  shows  that  either  the  thicker  the  cladding or the  lower 
the  temperature,  the less total  surface  recession  after  ten  20-hour  cycles.  The  surface 
recession of the 0. 254-millimeter  cladding  was  about  one-tenth  that of the 0. 127- 
millimeter  cladding  after 200 hours  exposure  at 1040' C.  Also  after 200 hours  expo- 
sure,   surface  recession  for  the  0.254-mill imeter-clad  specimens was grea te r  by a fac- 
t o r  of 6 a t  1090' C  than at 1040' C.  Figure  14(b)  shows  that  increased  exposure  time 
produced  greater  surface  recessions.  The 1040' C  data show a less rapid. increase 
with time  than  the 1090' C  data. 

These weight  change,  metallographic,  and  recession  data  indicate  that  Ni-Cr-Si 
claddings  thicker  than 0. 127 mill imeter  are  required  to  protect  IM-100 from  oxidation 
at  the  temperatures  and  times  investigated  in  this  study. 

Comparison of Clad IN-100 Systems 

Figure  15  presents a comparison of the  microstructures  (f igs.  5(c),  9(b),  and  13(d)) 
of the  three 0. 127-millimeter  claddings on IN-100 after 400 hours  cyclic  oxidation  at 
1040' C.  The  three  specimens were tested  using  20-hour  cycles.  These  photomicro- 
graphs  clearly show that  the  Ni-Cr-Al-Si  cladding w a s  the  most  protective,  while 
Ni-Cr-Si was  the  least  protective  cladding.  The  Ni-Cr-Al-Si  cladding  (fig.  15(a))  shows 
very  little  oxidation  attack, a uniform  protective  oxide  scale,  and  essentially  no  grain 
boundary  oxidation.  The  Fe-Cr-A1-Y  cladding  (fig.  15(b))  shows  internal  and  grain 
boundary  oxidation  which is much less extensive  than  that  developed  in  the  Ni-Cr-Si 
cladding  (fig.  15(c)).  It is apparent  that  both  the  Ni-Cr-Al-Si  and  Fe-Cr-A1-Y  claddings 
fully  protected IN-100 for  up  to 400 hours at 1040' C.  However,  only  the  Ni-Cr-Al-Si 
cladding on IN-100 appears   to  be capable of surviving  much  longer  exposures.  The  pro- 
tective  ability of Ni-Cr-Si  cladding on IN-100 is limited  since  the 0. 127-millimeter 
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, . .  

cladding was almost  completely  penetrated  by  oxides  within  the 400 hours of oxidation 
at 1040' C. 

In all three  systems,  the  protective  oxide scales on the  claddings  were  apparently 
affected  to  varying  degrees  by  interdiffusion  between  the  cladding  and  substrate ele- 
ments.  X-ray  fluorescence  analyses  (appendix A) indicated  that Mo, Ti, and  Co dif- 
fused  readily  into all three  claddings  from IN-100. The  three  photomicrographs of fig- 
u re   15  show  diffusion-affected  zones  beneath  the  claddings  in  the  IN-100  substrate.  The 
zone  was  the  thickest  in  the  Fe-Cr-A1-Y  clad  system  and  the  thinnest  in  the  Ni-Cr-Al-Si 
clad  system.  Electron  microprobe  analyses  (appendix B) showed  that  after 200 hours 
exposure  at  1040' C,  only  the 0. 127-millimeter  Ni-Cr-Al-Si  cladding was not  completely 
penetrated  by Ti and  Co,  but  at 1040' C all three 0. 127"millimeter  claddings were com- 
pletely  penetrated  by Ti, Co,  and Mo. It is felt that  the  protective  lifetimes  and  tem- 
perature  capabili t ies of these  systems  could be extended if  suitable  diffusion barriers 
were  incorporated  between  the  claddings  and  the IN-100. Under  the  test  conditions  em- 
ployed,  generally  the  three  claddings on themselves  exhibited  similar  oxidation  resis- 
tance (ref. 2) but  behaved  differently on IN-100.  It is believed  that  these  differences  can 
be ascribed  to  varying  degrees of clad-substrate  interdiffusion  and  subsequent  interac- 
t ions with the  protective  scales.  More  detailed  studies of each  system,  however, would 
be required  to  resolve  these  differences. 

Comparison of Ni-Cr-Al-Si  Clad IN400 With  Aluminide-Coated IN-100 

The weight  change  behavior of a widely  used,  proprietary  commercial  aluminide 
coating  (0.043  mm  thick) on IN-100 is compared  to  the  Ni-Cr-Al-Si  cladding  (0.051  mm 
thick) on  IN-100 in  figure 16. Data  in  this  figure  cover up to  ten  20-hour  cycles  at  both 
1040' and 1090' C.  At  both temperatures,  the  aluminide  coating  gradually  gained 
weight.  While no  spalling was observed  at 1040' C, very  light  spalling was detected  at 
1090' C.  The  cladding  gained  weight  more  rapidly at both  temperatures,  but  also 
showed  weight losses  which were related  to  test   temperature  and which were  due  to   very 
light  to  moderate  spalling. 

Figure 17 offers a pictorial  comparison of cross   sect ions of aluminide-coated  and 
Ni-Cr-Al-Si  clad IN-100 after testing.  The  oxide scale on the  coating  appeared  thinner 
a t  both  temperatures,  which  makes  it less prone  to  spalling.  From a microstructural  
standpoint,  both  systems  appeared  to  be  about  equal  in  protective  ability;  and  thus,  ad- 
vanced  evaluation  in  simulated  engine  environments  appears  warrented.  Since  the  clad- 
ding  contained  only 3. 51  percent Al, it may  be that by  increasing  its  aluminum  content, 
the  cladding  would also  form a thinner (Y A1 0 scale  and  perhaps  surpass  the  protection 
afforded  by  the  coating. This factor  should be examined  under  static  furnace  conditions 
and  perhaps  under  conditions  more  closely  approximating a gas  turbine  environment. 
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Although the  oxidation  resistance of the  Ni-Cr-Al-Si  cladding on  IN-100 w a s  not bet- 
ter than  that of the  commercial  aluminide  coating at these  temperatures,  it is believed 
that  the  cladding  has  an  inherent  advantage.  The  cladding  may be useful  where  greater 
ductility is required (e. g. , at the  roots  of turbine  blades).  Also,  since  aluminide  coat- 
ings on turbine  blades are susceptible  to fatigue and  foreign  object  damage, a ductile, 
oxidation-resistant  cladding  between a brittle aluminide  coating  and a substrate of low 
ductility  may be highly  desirable. 

SUMMARY OF RESULTS 

A study  was  conducted  to  examine  the  effects of furnace  exposure  time,  clad  thick- 
ness,   cycle  frequency,  and  temperature on the  oxidation  behavior of clad IN-100. Three  
claddings were studied:  Ni-20Cr-4A1-1.2Si,  Ni-SOCr-l.4Si,  and  Fe-25Cr-4Al-lY. 
Each  cladding,  diffusion  bonded t o  IN-100, was  furnace oxidation  tested  at  both 1040' 
and 1090' C  in  thicknesses of 0.051  (except  Fe-Cr-A1-Y),  0.127,  and  0.254  millimeter 
for   t imes   to  400 hours.  One-hour  and  20-hour  cyclic  exposures  at  test  temperature 
were  employed.  Similar  tests  were  conducted on the  claddings  bonded to  themselves,  
on commercially  aluminide-coated IN-100, and on unprotected IN-100. Evaluations were 
based primarily on gravimetric,  metallographic,  and  surface  recession  analyses. 

At  both temperatures,  the  Ni-Cr-Al-Si  cladding was the  most  protective on IN-100. 
Under  the test conditions  and  cladding  thicknesses  employed  it v7as rather  insensit ive  to 
cladding  thickness,  test  time  up  to 400 hours,  or  to  cycle  frequency at 1040' C. It was 
also  insensitive  to  cladding  thickness at 1090' C.  While Mo, Ti,  and  Co  readily  diffused 
from  the IN-100 into all three  claddings,  these  elements  appeared not to  significantly 
degrade  the  protective  ability of the  Ni-Cr-Al-Si  cladding.  Both  0.051-  and 0. 127- 
millimeter-thick  Ni-Cr-Al-Si  clads  protected IN-100 from  oxidation at 1040' and 
1090' C  for  the  full  400-hour  test  time. In the  less  protective  Fe-Cr-A1-Y  and  the 
poorly  protective  Ni-Cr-Si IN-100 systems,  system life was  extended by increased 
cladding  thickness. At 1040' C,  the  Fe-Cr-A1-Y  cladding on IN-100 was more  rapidly 
degraded  by  increased  cycle  frequency  than  was  Ni-Cr-Al-Si.  Since  both  the  Fe-Cr- 
A1-Y and  Ni-Cr-Si  clad  IN-100  systems  exhibited  rapid  and  apparently  harmful  interdif- 
fusion  with  IN-100,  suitable  diffusion barriers might  extend  the  lifetimes  and  use  tem- 
perature  of these  c lads  on IN-100. 

The  protection of the  Ni-Cr-Al-Si  cladding was comparable  to a widely  used  com- 
mercial  aluminide  coating.  Thus,  advanced  evaluation  in  simulated  engine  environments 
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appears  warrented,  since  the  more  ductile  cladding  alloy  may  offer  advantages  such as 
improved  thermal-fatigue  resistance. 

Lewis  Research  Center, 
National  Aeronautics  and mace Administration, 

Cleveland, Ohio, February 5, 1971, 
129-03. 
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APPENDIX  A 

X-RAY DIFFRACTION (XRD) AND FLUORESCENCE (XRF)  ANALYSES 

Table IV contains  summaries of XRD and  XRF  analyses on retained  oxide  scales  and 
spalls  for  clad IN-100 systems.  Results  and  discussion  pertinent  to  each  system are 
presented  separately,  beginning  with  the  most  oxidation-resistant  system. 

Ni-Cr-Al -S i  Clad IN-100 System 

The XRD data  showed  that  the  major  constituents of all the  retained  oxide  scales 
and  the  spalls  from  Ni-Cr-Al-Si  clad IN-100 specimens  were a NiCr204-type  spinel 
and NiO. At 1040' C,  aA1203  and  Cr203 were also  frequently  observed as minor 
phases,  while  at 1090' C a spinel  (probably NiA1204) was commonly  detected  in  trace 
quantities.  Although  present  in  large  quantities, as indicated  in  the  electron  micro- 
probe  raster  micrographs,  Si-containing  constituents  were  not  detected  by XRD, indi- 
cating  that  this  element was probably  present as amorphous SiOg. The  XRF  data  indi- 
cated that in  varying  degrees,   more or less dependent on cladding  thickness,  increased 
Si, To, Mo, and  Co  intensities were observed  at  the  cladding  surfaces  after  oxidation 
f o r  both  exposure  temperatures.  While Si was  contained  in  the  cladding, the other  ele- 
ments  diffused  outward  from  the IN-100. The  XRF  data  showed  that  the A1 intensity  at 
all thicknesses  decreased with t ime when using  20-hour  cycles  at 1040' C  (except  for  the 
three  400-hour - l-hour-cycled  specimens),  while  it  increased at 1090' C. 

In general,  comparison of elemental  distributions  with  the  surface  recession  data 
tend  to  indicate that the  presence of Ti  and  Co  in  the  scale  may  have  been  beneficial. 
For  example,  the  oxidized  0.051-millimeter-clad IN-100 specimens showed Ti  and  Co 
in  the  scales  (table W ) ;  from  figure  6(a)  these show the  lowest  total  recession  at  both 
temperatures.  The author  believes,  however,  that A1 and  its  concentration  in  the  clad- 
ding was more  influential  in  the  formation of a protective  scale  than  the  other  elements 
in  the  Ni-Cr-Al-Si  clad IN-100 system. The XRF  data for the 1040' C  oxidized  speci- 
mens  indicated  that  generally  an  improvement  in  the  oxidation  resistance of a specimen 
(as  reflected  in the weight  change  behavior)  corresponded  to  an  increase  in Al intensity. 
For  example,  figure  3(a)  shows that between 300 and 400 hours  the 20-hour-cycled, 
0. 127-millimeter-clad  specimen  lost  weight  and A1 intensity  decreased,  while  the 
l-hour-cycled,  0.127-millimeter-clad  specimen's  weight  change  was  approaching a con- 
stant  weight  value  and th i s  specimen showed a significant  increase  in A1 intensity.  All 
the 1090' C  oxidized  specimens  also  showed  increases  in A1 intensity at the  surfaces 
but  these  specimens  were  analyzed  by  XRF when their  weight  changes were approaching 
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constant  values (see fig.  3(b)).  The  author  believes  that  the  apparent  surface  enrich- 
ment  in A1 in  these latter specimens  resulted,  in  part,  from  diffusion  from  the IN-100 
substrates.  

Most  phases  must be present  in  concentrations of f rom 1 t o  5  percent   in   order   to  
be detected  by XRD. Since  many  oxide  constituents  can be more  readily  detected at 
lower  concentrations  by  polarized-light  metallography  (ref. 4), the   cross   sect ions of 
oxidized  specimens  were so examined  in  this  study.  All  the  clad IN-100 and  clad 
cladding-alloy  specimens,  oxidized  at  both  temperatures,  showed  the  presence of white 
aAlZ03, with  the  exception of the 0.051-millimeter-clad IN-100 specimens  exposed  for 
10 or more  20-hour  cycles at both 1040' and 1090' C. Only s ix  out of 10 oxidized  spec- 
imens,  including  three  oxidized  Ni-Cr-Al-Si  clad  Ni-Cr-Al-Si  specimens  analyzed  by 
XRD showed  the  presence of trace  amounts of aA1203. This  finding,  along  with the 
XRF  and XRD, indicates  that  during  oxidation of the  0.051-millimeter-clad IN-100 spec- 
imens  aluminum is depleted  from  the  thinnest  cladding  to  the  point  that  aA1203  can  no 
longer  form. 

Fe-Cr-AI-Y Clad IN-100 System 

The  surface oxide scales  on the  Fe-Cr-A1-Y  clad IN-100 specimens  were  primarily 
cvA1203 and  (Cr,  Fel2O3,  consistent  with  those  observed on the  Fe-Cr-A1-Y  clad  Fe-Cr- 
A1-Y. The spa11 collected after 400 1-hour  cycles at 1040' C  also  contained a spinel of 
the  NiCr204  type.  For  the 1090' C,  200-hour - 20-hour-cycled  specimen, XRD failed 
to  detect  the  spinel  nodules  which  were  shown  to  exist  in  figure 10  under  polarized-light 
illumination.  From all the  evidence,  the  presence of this  spinel  indicates  impending 
failure of the  cladding's  protection  ability. At both  temperatures  and  for  both  cladding 
thicknesses,  the  XRF  data  indicated  higher  concentrations of Ni, Co, Ti, and Mo at the 
clad IN-100 specimen  surfaces  after  oxidation,  reflecting  outward  diffusion  from  the 
IN-100.  With the  exception of the  0.254-millimeter-clad  specimen  at 1040' C, A1 was 
observed  to  decrease  at   the  surface.  

Ni-Cr-Si Clad IN-100  System 

At both  temperatures,  the  scales on Ni-Cr-Si  clad IN-100 specimens  were  r ich  in 
Cr203  and  in  NiCr204-type  spinels.  The  failed  0.051-millimeter  cladding  at 1040' C 
a l so  showed NiO, CoCr04,  and a low a, spinel  which w a s  probably  NiCo204. 
Polarized-light  metallographic  examination of these  scales  and  those on oxidized 
Ni-Cr-Si  clad  Ni-Cr-Si  specimens  indicated  varying  amounts of the  dark-brown  and 
black  spinel  and  green  Cr203.  However, only Cr203 was detected  by XRD on the 
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Ni-Cr-Si  clad  Ni-Cr-Si  (ref. 2). The XRF analyses  indicated  that  generally  the  oxide 
scales  contained  increased  quantities of Co,  Ti,  and Mo from IN-100.  Since  the  cladding 
contained only a t race  of Al, its rapid  loss  by  oxide  spalling  and/or  interdiffusional  di- 
lution  would  be  expected. 
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APPENDIX  B 

ELECTRON MICROPROBE (EM P)  ANALYSIS 

Table V contains  summaries of EMP  analyses of raster  micrographs  and  l ine  scans 
made on selected  clad  cladding-alloy  specimens  and on 0. 127”millimeter  claddings on 
IN-100. Some of these  data are presented  in  f igures 18 t o  20. These data are discussed 
separately,  beginning  with  the  most  oxidation-resistant  system. 

Ni-Cr-Al -S i  Clad IN-100 System 

The  schematic  raster  micrographs  in  f igure 18(a)  show  that  the  oxide  scales (far 
left  side of clad) on the  Ni-Cr-Al-Si  clad  IN-100  specimens  were  rich  in Ni, C r ,  Si, and 
Mn. In addition,  diffusion of Mo, which was very  rapid,  and  that of Co  and Ti from 
IN-100 into  the  Ni-Cr-Al-Si  cladding was directly  related  to  both  exposure  time  and 
temperature.  The  concentrations of Ti  in  the  clad  near  and  within  the  original  cladding- 
substrate  interfaces was very high. The  high Ti areas near  the  interfaces  coincide  with 
the cream-colored  particles,  previously  observed  in  figures  4  and 5. Titanium  was  also 
highly  concentrated  in  the  as-bonded  interface.  Some  sporadic  Al-rich  regions  were 
also  observed  at  the  original  interface. 

Three   se t s  of line  scan  EMP  data are presented  for  Co,  Cr,  and Ni in  figure  18(b). 
These  i l lustrate (1) the  effect of exposure  time - 200 hours  against  400 hours - at 
1040’ C;  (2)  the  effect of cycle  frequency at 1040’ C; and (3) the  effect of exposure  tem- 
perature  after  ten  20-hour  cycles.  This  figure  reflects,  by  the  lengths of the  bars,   the 
depth of regions  whose  concentration is different  from  that of the  cladding or the IN-100 
for  selected  elements.  The  numbers  at  the  ends of the bars give  first-approximation 
weight  percentages  for these elements.  Since  these  data  are  in  the  form of relative 
X-ray  intensity  measurements,  they are semiquantitative. In regard  to   exposure  t ime 
at 1040’ C,  increasing the t ime  f rom 200 t o  400 hours  resulted  in a significant  increase 
in  diffusion, as shown  in  figure  18(b-1).  After  bonding,  diffusion  affected  the  IN-100  to 
a depth of 0.075 millimeter.  After 200 hours  the  affected  depth  in  the IN-100 increased 
by 7 percent;  after 400 hours  it   increased  by 28 percent. On the  cladding  side,  the  first 
200 hours of oxidation  exposure  resulted  in a significant  increase  (about 200 percent)  in 
the  diffusion-affected  zone  for all three  elements.  The  second 200 hours of exposure, 
however,  produced  little  further  diffusion  zone  growth  (about 10 percent).  However,  the 
cycle  frequency  effect on diffusion of Co, Ni, and C r  (fig.  18(b-2))  shows  that  no  signifi- 
cant  difference  existed  between 400 l-hour  cycles  and  twenty  20-hour  cycles  at 1040’ C. 
In  both  cases  the  depth of diffusion-affected  zone  in  the  IN-100 was 0.098  millimeter.  As 

16 



would be expected,  temperature  exerted a larger  influence on interdiffusion.  Figure 
18(b-3)  shows  that after ten  20-hour  cycles,  the  Co, Ni, and Cr diffusion-affected  zones 
in  the  cladding  and  in  the  substrate  were 
1040' C. 

Fe-C r -AI -Y 

34 and 23 percent   greater  at 1090' C  than at 

Clad IN-100 System 

After 200 hours  (20-hour  cycles),  the raster micrographs of figure 19(a)  show the 
oxide  scales on the  Fe-Cr-A1-Y  clad  IN-100  specimens  were  rich  in Al, Cr,  and Fe; 
while Ni,  Co,  and Mo had  diffused  into  the  cladding,  and Cr   and  Fe had  diffused  into 
the IN-1OG. A  similar  exposure at 1090' C  resulted  in  mainly A1 in  the  scale; a con- 
tinuation of the Ni, Co,  and Mo diffusion  into  the  cladding;  and a continuation of C r  and 
Fe diffusion  into  the  substrate.  Here,  however,  localized  Ti-rich areas were  seen  to be 
present in  the  cladding  and  also  in  the  oxide  scale.  Figure  19(b)  contains  line  scan  data 
presented  in bar graph  form, as in  figure 18. The A1 line  scan  data  are not included 
since  this  element was  near  the  l imits of detection  and  small  variations were hard  to  
resolve.  Even  during  bonding, Ni and C o  diffused  into  the  Fe-Cr-A1-Y  clad on IN-100. 
After  the 1040' C exposure,  diffusion  prduced  concentration  gradients  in Ni, Co, Fe,  
and C r  all across  the  cladding  and  relatively  deep  into  the TN-100. Ni was detected  in 
the  oxide  scale  and  its  presence  was  felt  to be detrimental   to oxidation  resistance.  As 
compared  to 1040' C oxidation,  exposure  for  an  equivalent  time of 200 hours  at  1090' C 
resulted  in a substantial  (about 84 percent)  increase  in  the  thickness of the  diffusion- 
affected  zone  in  the IN-100. 

Ni-Cr-Si  Clad  IN-100  System 

The raster micrographs of figure  20(a)  indicate  that  the  oxide  scales on the 
Ni-Cr-Si  clad IN-100 specimens  contained only Cr ,  Si, Al, and Ti after 1040' C ex- 
posure  and Ni, C r ,  Al, Si, and Ti after 160 hours  at  1090' C.  At both  temperatures 
the Si was probably  present as amorphous  Si02  and s o  was not detected  by XRD. The 
raster micrographs showed  (fig.  20(a))  that after 200 hours   a t  1040' C ,  Al, Ti, Co, and 
Mo  had  diffused  into  the  cladding.  The A1 appeared  to  be  present  in  intergranular 
oxides.  With t ime at 1090' C,  Co, Al,  and Ti  enter  the  cladding  and  the  latter  two  con- 
centrate  in  the  scale  and  in  the  cladding - IN-100 interface.  These  data  indicate  that A1 
and Mo diffuse  faster  than  Ti  and  Co at both  temperatures.  The  line  scan  data  in  fig- 
u r e  20(b)  show that  the 0. 127-millimeter  cladding was completely  affected  by  interdif- 
fusion after oxidation a t  both  temperatures.  The  diffusion  gradients of Ni, Cr ,  and  Co 
extended  into  the IN-100 to  a depth of 0. 100 and 0. 120 mill imeter after oxidation at 

17 



1040' and 1090' C, respectively.  This is an  increase of about  five-  and  sixfold,  re- 
spectively,  over  the  as-bonded  condition. 
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TABLE  I .  - CHEMICAL  ANALYSIS  OF  IN-100  SUBSTRATES AND 

Element I 
Ni 
c o  
F e  
C r  
A1 
Si 
T i  
Mo 
W 
Cb 
Mn 
Y 
C 

: 

IN-  100 

61.  14 
15.37 

. 2 0  
9. 50 
5. 33 
. 0 8  

4. 26 
3.  17 

'<. 05 
. 10 
.003  

-""_ 

. 166 

CLADDING  ALLOYS 

Content,  wt. o/c 

aNot  detected, less than  the  l imits  of defection. 
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TABLE 11. - METALLOGRAPHIC  MEASUREMENTS  OF  USEFUL  REMAINING CLADDING 

ON CLAD  CLADDING-ALLOY  SPECIMENS  AFTER OXIDATION AT 1040' AND 1090' C 

System 

Ni-20Cr-4A1-1.2Si 
clad  Ni-20Cr-4A1-1.2Si 

Fe-25Cr-4Al- 1Y clad 
Fe-25Cr-4Al- lY 

____ .. 

Ni-3OCr-1. 4Si clad 
Ni-30Cr-1. 4Si 
" - .  

~ ." 

Ni-20Cr-4A1-1.2Si 
clad  Ni-20Cr-4A1-1.2Si 

Fe-25Cr-4Al-lY  clad 
Fe-25Cr-4Al- lY 

Ni-3OCr-1. 4Si clad 
Ni-30Cr-l .4Si  

". 

~~ 

____" ~ 

[nitial  clad- I Oxidation 
ding  thick- 

ness' r Total  
mm number 

I 

Cycle 
t ime,  

h r  

~ 
~ 

Total  
t ime,  

h r  

" 

1040' C  Oxidation 

0 .1274 .   013  
. . ". 

~. . 

0 . 2 5 4 4 . 0 2 5  

0. 1 2 7 4 . 0 1 3  

- - . - - . . 

10 
20 

10 
- .  

10 

" 

1090' C  Oxidation 
- .. ~ 

0. 1 2 7 4 . 0 1 3  10 

- . "~ ~ . . 

200 

200 
400 

200 
400 

~ ." ____ 
Average  thick- 
n e s s  of useful 
cladding  after 
oxidation  test 
(*O. 005  mm),  a 

m m  
- ___ 

" ~ .- 

0.112 
. 114 

0.235 

" 

0. 127 

1 
I I 
I 

"" .. 

Remainir 
useful 

cladding 
thicknes 
percent  

- ~" . " 

88 
90 

93 

-. .. - . . . 

100 

- ~. 

. . - . . - 

84 

92 
88 

88 
90 

.~ 

" 

aAverage of two  measurements.   Includes  internal  oxidation  and  voids,   but not gross 
penetration of surface  oxides.  (See  fig. 1.) 
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TABLE III. - METALLOGRAPHIC MEASUREMENTS OF USEFUL REMAINING 

CLADDING ON CLAD  IN-100  SPECIMENS AFTER OXIDATION  AT 

1040'  AND 1090° C 

System 

Vi-20Cr-4A1-1. 2Si 
:lad IN- 100 

'e-25Cr-4Al-lY 
:lad IN- 100 

qi-30Cr-1. 4Si 
,lad IN- 100 

di-20Cr-4A1-1. 2Si 
lad  IN-100 

~e-25Cr-4Al-lY  clad 
N- 100 

?i-3OCr-1. 4Si clad 
N-100 

Initial  clad- 
ding  thick- 

ness ,  
mm 

Oxidation 

cycles 

0.051 4 . 0 1  

0. 1274 .01  

0 . 2 5 4 4 . 0 1  

0. 1274 .02  

0 .2544 .02  

0.051 to. oa 

0. 1 2 7 4 . 0 1  

0 . 2 5 4 4 . 0 1  

1040' C  Oxidation 

5 
10 
20 

400 

5 
10 
20 

400 

400 

10 
20 

400 

10 

10 

10 
20 

10 

20 
20 
20 
1 

20 
20 
20 

1 

1 

20 
20 

1 

20 

20 

20 

20 

20 

0.0514.01C 

0. 127 4.013 

0.2544.013 

0. 1274.02C 

0. 254d .  025 

0.1274.013 

0 .254d .  015 

1090' Oxidation 

10 

2 
10 

10 

10 

10 
20 

3 
8 

10 

20 

20 
20 

20 

20 

20 
20 

20 
20 

20 

100 
200 
400 
400 

100 
200 
400 
400 

400 

200 

400 
400 

200 

200 

200 
400 

2 00 

200 

40 
200 

200 

200 

200 
400 

60 
160 

200 

Average  thick- 
ness  of useful 
cladding  after 
oxidation  test 
(a. 005  mm), a 

mm 

Remainin 
useful 

cladding 
thickness 

percent 

0.041 

0: .I .041  .038 ::T 
. 114 
. 109 

0. 2 2 T  

0.081 
.076  .094 -F 74 

0 . 2 3 4 - F  

7 
0. 7 122 

7 0.086 

0. O T  

0- 

0. 069 

0.228 90 

0.076+ 

0.224 

0.213 84 
aAverage of two or three  measurements.  Includes  internal  oxidation  and  voids, but not 

gross  penetration of surface  oxides. (See fig. 1. ) 
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TABLE IV. - X-RAY DIFFRACTION AND  X-RAY FLUORESCENCE ANALYSES OF RETAINED SCALES AND SPALLS FROM  CLAD IN-100 SPECIMENS AFTER CYCLIC  OXIDATION 

Origmai 
cladding 

Oxidation X-ray  diffraction  analysis X-ray  fluorescence  analysis 
(elements showing change in 

intensity at  specimen 
surfaceP 

th,ckness, 

hr hr of 

Performed  Total Cycle Tatai Major constituentsa Minor constituents Spinel composi- 

mm lionb on - time.  time, number 
Trace constituents 

cycles Increase Decrease 

1040' C Oxidation 

1 Ni-20Cr-4A1-1. 2Si 0.051 5 

Splnel (a, = 8. 28 4 . 0 2  4) + NiO 
S p i n e l ( a u = 8 . 3 2 4 . 0 2 ~ ) + N i 0  

NiCr204 Spinel (ao = 8.308.02 d )  + NiO 400 20 20 
N1Cr204 Spinel (ao = 8.304.02 A) + NiO 200 20 10 
NiCr204 Spinel (a, = 8 .334 .02  A )  + NiO Scraping 100 20 

clad IN-  100 I 
----------- -----...___ 

------ AI, Si, Ti, Mo, Co 
AI Si, Ti, Ma, Co 

AI Ti, Mo, Co Cr203 + aAi203 
"".."____"_"__." 

Cr203 AI Si, Ti, Mo. Co 

400 400 1 
-------"----""""~ "__"""""""""""""" 

spa11 
(Ni,Co)Cr204 _______._______...____ aA1203 

( 4  

' 0. 121 5 20 1 100 In-situ scale spinel (ao = 8.3110. 02 A) + NiO ~ NiCr204 
10 20 1 200 Scraping Spinel (a, = 8.3210.02 A )  + NiOe ! NiCr204 
20 20 400 Scraping Spinel (ao = 8 .304 .  02 8 )  + NiO N1Cr204 
400 1 400 In-situ scale N t 0  NiAi204 

""""""""""__ - Cr203 

'*Z03 ' aA1203 1 Si, Mo AI 

AI 

"""""".".""__ 
'=Z03 Si, Mo 
Cr203 Mo,  Co 

""" 

"""..""""""" 

Spinel (ao = 8 . 1 5 4 . 0 2  I )  a~~ 0 
spa11 Spinel (a, = 8.3010.02 A) + NiO 

2 3  AI, Si, Ti, Co -_  ---_ 
"", ( 4  Cr203 aA1203 

0. 254 400 1 400 , In-%tu scale Spinel (a, = 8.338.02  A) + N t 0  NICrPO, C r 4 ,  """"""""""""""~~" AI, Si """ 

I Spa11 Spinel (a, = 8. 3 2 4 . 0 2  A )  + NiO (di . """......."."_... 
_ Y  

~- Cr203 
Fe-25Cr-4AI-lY 0. 121 10 20 200 Scraping , (Cr ,Fe)203 ""..."""""""~ 
clad IN-100 20 20 400 Scraping ' aAi203 + (Cr,Fe)203 

400 1 400 In-situ scale nAl2O3 + (Cr,  Fe)203 

' Splnel (a, = 8 . 2 5 d .  02 A)' + oAl2O3 Ni. Co, Ti, Mo  AI 
-""---"----"---"- ___".."_______."_"""""" Ni, Co, Ti, Mo AI, Fe 

Spinel (ao = 8 . 2 5 4 . 0 2  A) """""_""" "__"  
spa11 ! (Cr,  Fe),O, + spinel (a- = 8 . 3 2 d . 0 2  A )  (d) 

...""""""""." 

""""""""...... *A, c ___-" 1 0  ~ " 
0.254 10 20 200 Scraping oA1203 .".....""""""" ""~~""""""~~"""""" ~ " -  Ni, Co, Ti, Mo ------ 

Ni-30Cr-1.4Si 0.051 10 20 200 Scraping Spinel (ao = 8.28to.02 A )  + NiO 
clad IN-I00 ~ - - -  

(Ni,Co)Cr204 ._.______....______.__ Cr203 + C e r o 4  + spinel (a, = 8 . 0 5 8 . 0 2  A )  Si, Co, Ti, Mo Mn 

Ti,  Mo  A1 
Ti, Mo, Co Ai 

MO Fe 

0.127 10 20 200 Scraping Cr203 
20 20 400 Scraping Spinel (a, = 8.33 8 . 0 2  A )  + Cr203  NiCr204 

"""""""""".. ..."""."".."""""""" 

~ " -  
."""""""....." _.""..........""."""""~ 

0.254 10 20 200 In-situ  Scale Cr203 ~ " -  """...".."_____" ____"".."."".."."."""~ 

1090° C Oxidation 

Ni"LOCr-4A1-1.2Si 
clad IN-100 

--._.__._._____.______ (Ni,Co)Cr204 Spinel (a, = 8 . 2 8 8 . 0 2  A) + NiO Scraping 200 20 10 0,051 Spinel (ao = 8.078.02  A )  ------ AI, Si, Ca,  Ti, Mo 

0. 121 Spinel (a, = 8. 304 .02  A) + NiO Scraping 40 20 2 
10 

NiCr204 
Spinel (ao = 8. 2010.02 A) + NiO Scraping 200 20 NiCr204 

""""".."________ 
Cr203 AI, Si, Mo """ 

""""""."_______ Spinel (a, = 8.05to.OZA) AI,  Si. Co, Ti, Mo 

""" AI, Si, Fe Spinel (a, = 8.0Qto. 02 A )  + aAi2O3 

------ 
0. 254 """""""""____ N1Cr204 Splnel (a, I 8.308.  02 A )  + N 1 0  Scraping 200 20 IO 

Fe-25Cr-4AI-lY 

_____._...._.___________________ .....___._...__......~ (Ni,Co)(Cr, A 0 2 0 4  8 20 160 Scraping Cr203 + spinel (ao = 8.308.02 A) clad IN-100 
0.121 3 20 60 Scraping Cr203 Ni-30Cr-1.4Si 

20 200 Scraping aAi203 .254 10 clad IN-100 
""""""""".."""""" """"""""""" 200 Scraping  aA120Qf + (Cr,Fe)203 20 10 0.121 Co, T I ,  Mo,  Ni  AI 

Co,  Ti, Mo,  Ni  AI 

Si, T i  AI 
AI, Ni, Co. Ti, Mo Mn 

(Cr,  F+03 
" 

"""""""""""""""" 

""."""""""". """"""""."."""""" 

~ - "  
0.254 10 20 200 Scraping  Cr2O3 ~ " -  -------""""..."" _"_"""""".."____________ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  AI, Fe 

bAs  a  major or minor  constituent  based an X-ray  fluorescence  analysis. 
aLattice  Parameter,  ao;  NiCr204, 8 . 3 2  A; NiAi204, 8. 10 A. 

'Based on intensity change compared to data obtained on cladding-alloy spec~mens oxidized at  the same temperature for ten  20-hour  cycles  (data  in ref, 7). F~~ very low sensitive elements (w, and si) an increase of percent and 

dNot determined. 
%Jot reported  in ref. 2. 
fErroneously  reported a s  a minor  constituent in ref. 2. 

a decrease of 5 3 3  percent.  For all other  elements  an  increase of e200 percent and a decrease of 566 percent. 



TABLE V. - SUMMARY OF  ELECTRON  MICROPROBE ANALYSIS ON CLAD CLADDING-ALLOY AND 

System 

Ni-20Cr-4Al-1. 2Si 
:lad Ni-20Cr-4A1-1. 2Si 

Ni-20Cr-4Al-1. 2Si 
:lad IN-100 

Fe-25Cr-4Al-lY 
:lad Fe-25Cr-4Al-lY 

Fe-25Cr-4Al-lY 
clad  IN-100 

N i - 3 0 0 - l . 4 S i  
clad  Ni-3OCr-1. 4Si 

Ni-3OCr-l.4Si 
clad  IN-100 

Ni-20Cr-4A1-1.2Si 
clad  Ni-20Cr-4Al-1. 2Si 

Ni-20Cr-4A1-1.2Si 
clad  IN-100 

Fe-25Cr-4Al-lY 
clad  Fe-25Cr-4Al-lY 

Fe-25Cr-4Al-lY 
clad IN-100 

Ni-3OCr-1. 4Si 
clad Ni-3OCr-1. 4Si 

Ni-30Cr-l.4Si 
clad IN-100 

CLAD  IN-100a  SPECIMENS  AFTER  CYCLIC OXIDATION 

Oxidation 

Total  Total  Cycle 

I X-ray  raster  micrographs  Line  (concentration)  scans 
(elements  in  oxide  scale) 

Elements  analyzed 
number in  oxide  scales t ime,  t ime, 

of h r   h r  
cycles 

10 

10 
20 

400 

10 

10 

10 

10 

10 

10 

3 
8 

20 

20 
20 

1 

20 

20 

20 

20 

20 

20 
20 

20 
20 

20 

20 

20 
20 

200 

200 
400 
400 

200 

200 

200 

200 

200 

40 
200 

200 
400 

200 

200 

60 
160 

1040' C  Oxidation 

Ni, C r ,  Al, Si, Mn, F e  

Ni, C r ,  Al, Si, Mn, Co,   Ti ,   Fe,  Mo 
Ni, C r ,  Al, S i ,  Mn, Co,  Ti,  Fe, Mo 
Ni, C r ,  Al,  Si, Mn, Co,  Ti,  Fe, Mo 

F e ,   C r ,  Al, S i ,  Mn 

F e ,   C r ,  Al,  Ni,  Co,  Ti, Mo, C 

~ 

Ni, C r ,  Si, Mn 

Ni, C r ,  Si, Mn, Ti,  Co,  Al, Mo, C 

~~ 

1090' C  Oxidation 

Ni, C r ,  AI, Si,  Mn, F e  

~ 

Ni, C r ,  Al,  Si, Mn, C o .  Ti,   Fe,  Mo 
Ni, C r ,  Al,  Si,  Mn,  Co,  Ti, F e  

F e ,   C r ,  Al,  Ni, Co 
Fe ,   Cr ,  A1 

F e ,   C r ,  Al, Ni, Co,  Ti,  Mo 

~ 

~ 

Ni, C r ,  Si,  Mn, F e  

Ni, C r ,  Si, Mn, Ti,  Co, Mo, A1 
Ni, C r ,  Si, Ti,  Co, Mo, A1 

'Original  cladding  thickness, 0. 127 mm. 
bElernent  with  an  asterisk  is   present  below,  but  apparently  not  within,   the  oxide  scale.  
'Not determined. 

Ni, C r ,  Al,  Si, Mn, F e  

Ni, C r ,  Al, Si, Mn 
Ni, C r ,  Al, Si, Mn 
Ni, C r ,  Al,  Si, Mn 

F e ,   C r ,  A1 

Fe ,   Cr ,  A1 

Cr,  Si 

Cr,  Si, Al, Ti 

Ni, C r ,  Al,  Mn, F e  

Ni, C r ,  Al, Si, Mn, Fe ,  Mo 
Ni, C r ,  Al,  Si,  Mn, F e  

A1 
A1 

F e ,   C r ,  Al,  Ti 

C r ,  Si 

C r ,  Si, AI 
Ni, C r ,  Si,  Al, T i  

(C)  (C) 

Ni, C r   c o  
Ni, C r  c o* 

Ni, C r ,  A1 "_ 
(C)  (C) 

F e ,   C r ,  Ni Co* 

(C) (C) 

C r  Ni*, Co 
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-f "--------- Spalled  material 

Surface oxide  layer 

a Toss oxide penetration 
I 

0 I Volds  or  Internal 
b I oxides  in'clad 

Cladding  alloy or IN-100 

Figure 1. - Method of calculating  surface  recession  using  metallographic  measurements 
of remaining  useful  cladding.  Surface  recession  (plus  gross oxide  penetration) = a  - b, 
where  a  is  the  original  cladding  thickness  and  b i s  the  remaining  useful  cladding 
thickness  (clad  unaffected by gross  oxidation  and  oxide  penetration). 

I I 

// 
/ 7":~ 0.127-mm-thick  clad 
F,' (only  on  major  surfaces) 

I 

2.5-mm-thick  superalloy  substrate 

Figure 2. - Tensile  specimen  design. 
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Cladding  thickness, 
mm 

0 0.051 
0 .127 
0 .254 
A Bare IN-100 
Solid  symbols  denote  20-hr  exposures 
Open  symbols  denote 1-hr exposures 

h l  . I I 

.c m 
u (a) Test temperature, 1040" C; 1- and  20-hour  cyclic exposures. 
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(a)  Cladding  thickness, 0.051 millimeter. ib) Cladding  thickness, 0.127 millimeter. 
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1a-11 After  five cycles.  la-21 Af!er 10 cycles. 

la-3) After 20 cycles. 

la)  Number  of  20-hour  exposures at 1040" C. 

Figure 5. - Microstructures  showing  effect of cycling  and  temperature on oxidation  behavior of N i - 2 K r - 4 A l - l . Z S 1  clad IN-100 system. X?%. 
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(b-1)  After two cycles. 

( b )  Number of 20-hour exposures at 1090' C. 

Figure 5. - Concluded. 

U After  ten  20-hr 
cycles  at 
1090" C 

After 400 I-hr 

n 
x 
0 

a, cycles  at .- 1040° c 

0 
Original  cladding  thick- 

.1 .2 . 3  

ness, mm 

(a)  Effect  of original  cladding 
thickness  and  cyclic  fre- 
quency. Remaining 
useful  cladding  thicknesses 
in percentages  are  given 
in parentheses  (from 
table 111). 

-0- 0.127-mm- 
clad  IN-100 

"E+- 0.051-mm- 
- clad  IN-100 

0 10 20 
Number of  cycles 

(b)  Effect  of  total  cycling; 
1040" C oxidation; 
a-hr cycles. 

lb-2)  After 10 cycles. 

I 

0 0.127-mm-clad 
I N  -100 

0 0.051-mm-clad 
I N  -100 

A Clad  cladding 
alloy 

- 

990 1040 1090 
Exposure  temperature, "C 

(c) Effect  of  exposure 
temperature  after  ten 
20-hour cycles. 

Figure 6. - Summaryof total surface  recession  plus oxide penetration data for  Ni-20Cr-4AI-1.2Si 
clad  IN-I00 system. 
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Thermally  treated  bare  IN-100  (one  2-hr 
cycle at 1090' c in argon plus one 
400-hr  cycle at 1040" C in argon) 

300 
As-clad  IN-100  (nonoxidized) 

40x103 As-oxidized  clad  IN-100 (400 
I-hr cycles  at 1040" C) 

strength 

Figure 7. - Comparison  of  tensile  properties  of  Ni-MCr-4AI-1.2Si  clad  IN-100 
at 1040' C before  and  after  oxidation. 

2 -  

a- m c 
c m (a) Test temperature, 1040" C; 1- 
" 

and  20-hour  cyclic  exposures. 

E .- m 

E 
c 

.- E 
V 

m 
a? a 

4 r  
Cladding  thickness, 

rnrn 

0.127 
.254 

Bare  IN-100 
-U- Clad  cladding  alloy 
Solid  symbols  denote  20-hr  exposures 
Open symbols  denote l -hr exposures 

l,,,rBareI IN-100 

0 40 80 120 160 200 240  280 320 360 400 
Exposure  time, hr 

(b) Test temperature, 1090' C; 20-hour  cyclic exposures. 

-1 I I 1 1 1  I I 

Figure 8. -Effect  of  cladding  thickness,  cycle  frequency,  and  temperature  on  cyclic  oxida- 
t ion of Fe-ECr-4AI-lY  clad  IN-100  at 1040' and 1090' C. 
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( a )  Ten 20-hour  exposures at 1040" C. 

(c) 400 1-hour  exposures at 1040" C. 

Ib) Twenty  20-hour  exposures at 1040" C. 

(d) Ten 20-hou  r  exposures at 1090" C. 

Figure 9. - Photomicrographs  showing  effects of cycling,  cycle  frequency,  and  temperature  on  microstructures of Fe-25Cr-4AI-lY  clad IN-100 
after  oxidation.  Cladding  thickness, 0.127 millimeter. X250. 
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I 

la!  Photograph (-X2) showing  nodules  formed 
on  exterior  surface  (only above  IN-100 sub- 
strate) of an  oxidized  bpecimen.  Bright- 
f ield  i l lumination. 

/:Copper plate on  oxidized  surface 
,I "ii. ,Dark brown 

X~ 
.8 -, .'; . . ,  

(b-1) Brlght-field  i l lumination. lb-2)  Polarlred-light  i l lumination. 

l b )  Cross  sections of oxidized  specimen  showlng  one of the  largest  nodules in (a). X250. 

Figure 10. - External  and  internal  features of Fe-25Cr-4AI-lY  clad IN-100  oxidized for  ten  20-hour  exposures at 1090"  C. Cladding  thickness, 
0.127 millimeter. 
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0 0.127-mm-clad  IN-100 
a, 0 0.254-mm-clad IN-100 
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Cladding  thickness, mm Number  of  Exposure  temperature, "C 
cycles 

(a)  Effect of  original  cladding (b)  Effect of  total  (c)  Effect of exposure 
thickness  after  ten  20-hour  cycling  for a temperature  after  ten 
cycles. Remaining  useful 0. 127-millimeter  "hour  cycles. 
cladding  thicknesses in clad  thickness; 
percentages  are  given in 1040" C  oxidation; 
parentheses  (from  20-hour  cycles. 
table 111). 

clad IN-100 system. 
Figure 11. - Summary  of  surface  recession  plus  oxide  penetration data for  Fe-25Cr-MI-lY 
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Cladding  thickness, 
mm 

0.051 
.127 + .254 

A Bare  IN-100 
-f- Clad  cladding  alloy 
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m 
c (a) Test temperature, 1040" C; %hour  cycl ic exposures. 
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E :k" 
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-kw 1 1 . 1  I I 
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-3 
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Exposure time, hr 

(b) Test temperature, 1090" C; 20-hour  cyclic  exposures. 

Figure 12. - Effect of cladding  thickness  and  temperature on cyclic  oxidation of 
Ni-30Cr-1.4Si  clad IN-100. 
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(a)  0.051-Millimeter-clad IN-100 after  ten  20-hour  exposures at 
1040" c. 

(b) 0.127-Millimeter-clad IN-100 after  ten  20-hour  exposures at 
1040" c. 

. .  

(c)  0.254-Millimeter-clad IN-100 after  ten  20-hour 
exposures  at 1040' C. 

Figure 13. - Photbmicrographs  showing  effects of cladding  thickness,  cycling,  and  temperature  on  microstructures of Ni-30Cr-1.4Si  clad IN-100 
after  oxidation. X250. 
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,d) 0,127-Millimeter-clad IN-100 after  twenty  "hour  exposures 
at 1040" C. 

(e)  0,127-Millimeter-clad IN-100 after  eight  20-hour  exposures 
at 1090" C. 

( f )  0.254-Millimeter-clad IN-100 after  ten  20-hour 
exposures at 1090" C. 

Figure 13. - Concluded. 
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0 1040" C oxidation 
0 1090" C oxidation 
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(a) i f f cz t  of cladding  thick-  (b) Effect of  cycling  for 
a s  :no  temperature, a 0.127-millimeter 

after ter: 20-hour  exposl'res  clad  thickness; 20- 
(except where noted). R e -  hour  exposure  cycles. 
maining  useful  cladding 
thicknesses in percent- 
ages are  given in paren- 
theses  (from  table 111). 

Figure 14. - Summary of total  surface  recession  plus  oxide  penetra- 
t ion  data for  Ni-30Cr-l.4Si c!ad IN-100. 
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"F - - - - " 

(al  Ni-MCr-4Al-1.PSi  clad IN-100. 

Materia!  Thickness, 
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"C-- iJi-20Cr-4HI-i.LSi  clad 0.051 
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Figure 16. - comparison of c y c l ~ c  onldation  resistance of Ni-POCr-4AI-1.2Si clad  IN-100 
onl: ,or. nc*ci:l alurnin.de-.coated  IN-100 a t  1040" and 1090" C. Twenty-hour  cyclic  ex- 
po:.:res 
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Ni-MCr-4AI-l.ZSi clad IN-I00  Aluminide-coated IN-100 

(a)  After  ten  20-hour  exposures at 1040" C. 

(b) After  ten  20-hour  exposures at 1090" C. 

Figure 17. - Comparison of cycl ic  furnace oxidation  on  microstructures of  Ni-ZOCr-4AI-l.ZSi  clad IN-100 and a commercial  aluminide-coated 
IN-100. 
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N i  Cr AI S i  Mn Mo co Ti  

Oxidation  procedure: 

for 200 hours  

(a-2) 1040' C oxidation. 

for 2[x) hou rs  

(a-3) 1O9O0C oxidation. 

(a)  Schematic  of  raster  micrographs.  (An  increase in X-ray  intensity  is  represented  bya  corresponding in- 
crease in darkness.) 

Figure 18. - Schematic  of  electron  microprobe  raster  micrographs  and  extent of  interdiffusion  of  major  elements 
of  Ni-MCr-4AI-l.ZSi  clad IN-100 after  bonding  and  oxidation. 
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Bond  interface 
Oxide  scale  Cladding 

As oxidized  at 

I 15 

I: 
Concentration,  wt % Co 

, 1040' C for  400 hr I 
C A S  bonded I 

I 
Regions  of changing  concentration 
0 Ten  20-hr  cycles  at 1090'' C 

Concentration  of  elements 400 l-hr cycles  at 10400 c 
in metal matr ix  direct ly 
below oxide scale, vd % 

Twenty M-hr cycles  at 1040' C 
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Composition  of  Twenty  Ten Composition 
Ni-20Cr-MI-L2Si,  20-hr  20-hr  of IN-100, 

wt % Wtsb 
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75 N i   6 1   N i  

M cr 9.5 Cr  
I 

1 4 ~ 1 0 - ~  12 10 8  6  4  2 0 2  4  6  8 I O X ~ O - ~  
(b-1)  Effect  of  exposure  time o n  1040' C oxidation. 

4 ~ )  Twenty 
I-hr 20-hr 
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0 co  " 4 

75 Ni  71 77 

20 C r  19 15 

15  Co 

61 N i  

9.5 Cr 
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~ O X I O ! ~  8  6  4  2 0 2  4  6  8 10X10-2 

(b-2)  Effect  of  cycle  frequency  at 1040' C oxidation. (Line scan for cobalt after 400 1-hr cycles was 
not made. ) 

Oxidation  temoerature. 
1043" c 1 0 ~ ' C  . I 

0 c o  4 0 15 Co 

75 N i  74 75 61 N i  

20 Cr  14 20 9.5 Cr  

1 1 1 1 1 1 1 1 1 1 1 1  
14~10 '~  12  10 8  6 4 2 0 2 4  6  8 1 0 ~ 1 0 - ~  . 

Distance  from  apparent  bond  interface,  mm 

(b-3) Effect of  maximum  oxidation  temperature.  Maximum  temperatures, 1040" and 1090" C; ten  20-hour  cyclic 

(b) Line scan data. (Concentrations in metal  matrix  are based on  element  concentrations in unaltered  substrate, 

exposures. 

i. e., uncorrected  X-ray  intensity data normalized to analyzed  chemical  composition of IN-100.) 

Figure 18. - Concluded. 
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I 

Fe C r   A I  Ti N i   c o  Mo 

I 1 I I I I I J 
(a-1) As bonded. 

(a-2) lWo C oxidation;  20-hour  cycles  for 200 hours. 

I 1 I I I I I 

(a-3) 1090" C oxidation;  20-hour  cycles  for 200 hours. 

(a) Schematic  of  raster  micrographs.  (An  increase in X-ray  intensity  is  repre- 
sented  by a corresponding  increase in darkness.) 

Oxide scalei( 

Concentration, w t %  Ni  r 
Bond intsrface 

"Cladding - 1- Substrate - 
7 r  ' 

I 

Composition  Concentration  of  elements in 
of  Fe-25Cr-  metal  matrix  directly below As-bonded 

Regions of changing  concentrat ion 

U I - l Y ,  oxide scale, wt % at  oxidation  Compsit ion 
w t %  temperature  of  of IN-100, 

1090O c lWO wt % 
0 Ni  16  16 61   N i  

0 c o  15 c o  

71  Fe 0 Fe 

25 C r  9.5 Cr 

10-2 

Distance  from  apparent  bond  interface,  mm 

(b) Line scan data. (Except for  using  pure  metal  standard  for  iron,  concentrations in metal  matrix  are based on  element 
concentrations in unaltered substrate, i. e., uncorrected  X-ray  intensity data normalized  to  analyzed  chemical  com- 
position  of IN-100.) 

Figure 19. - Schematic of electron  microprobe  raster  micrographs  and  extent  of  interdiffusion of m a p r  elements in 
Fe-25Cr-4AI-lY  clad  IN-100  before  and  after  oxidation. 

41  

." 



C r   S i  AI T i   c o  Mo N i  

C la 

Oxidation  procedure: 

2U-Hour cycles 
for 200 hours  

(a-2) 1040" C oxidation. 

20-Hour  cycles 
for 60 hours  

20-Hour  cycles 
for 160 hours 

I 

(a-3) 1090" C oxidation. 

(a)  Schematic  of  raster  micrographs.  (An  increase in X-ray  intensity  is  represented  by a corresponding 
increase in darkness. 1 

Bond  interface 
Oxide scale" C l a d d i n g T - S u b s t r a t e  P 
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I 
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(b) Line scan data. (Concentrations in metal matr iKare based on  element  concentrations in unaltered  substrate; 
i.e., uncorrected  X-ray  intensity data normalized  to  analyzed  chemical  composition of IN-100.) 

Figure 20. - Schematic  of  electron  microprobe  raster  micrographs  and  extent of interdif fusion of major  elements 
of  Ni-30Cr-l.4Si  clad  IN-100  after  bonding  and  oxidation. 
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